Generating entangled graph states of qubits requires high entanglement rates, with efficient detection of multiple indistinguishable photons from separate qubits. Integrating defect-based qubits into photonic devices results in an enhanced photon collection efficiency, however, typically at the cost of a reduced defect emission energy homogeneity. Here, we demonstrate that the reduction in defect homogeneity in an integrated device can be partially offset by electric field tuning. Using photonic device-coupled implanted nitrogen vacancy (NV) centers in a GaP-on-diamond platform, we demonstrate large field-dependent tuning ranges and partial stabilization of defect emission energies. These results address some of the challenges of chip-scale entanglement generation. 19 NV centers within ∼ 15 nm of the diamond surface, created via implantation and annealing, couple evanescently with the GaP layer. As a result of the static dipole moment of the defect's excited state, there is variation in emission energy both between different defects, due to variation in the local environment caused by implantation and processing damage, and in the emission energy of a single defect over time due to electric field fluctuations. However, this dipole moment also enables electric field control of the defect's emission energy. 6, 15, 20, 21 We provide this control through the addition of Ti/Au electrodes to this GaP-on-diamond photonics platform.
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diamond; nitrogen-vacancy (NV) center; integrated photonics; Stark effect; quantum emitter A quantum network, or entangled graph state of qubits, 1-4 is a valuable resource for both universal quantum computation and quantum communication. Optically heralded entanglement 5 can be utilized to generate the graph state's entanglement edges between qubit nodes. However, to date, entanglement generation rates are too low to realize multi-qubit networks 6-10 due to photon emission into unwanted spatial and spectral modes. The integration of crystal defect-based qubits with photonic circuits offers an opportunity to significantly enhance photon collection efficiency, 11 albeit at the cost of degrading the defect's optical properties, such as an increase in inhomogeneous emission energies and decreased spectral stability. 12, 13 Since the entanglement protocols used for generating graph state edges require detection of multiple indistinguishable photons from separate emitters, 5, 14 compensating for the static and dynamic spread in emission energies is of critical importance for scalable on-chip graph state generation.
The dc Stark effect has been used previously to tune 6, 15 and stabilize 16 the emission energy of quantum defects in bulk diamond. Here, in a series of experiments, we demonstrate the ability to tune the emission energy of photonic device-coupled near-surface NV centers over a large tuning range. Measurements on many single waveguide-coupled NV centers highlight the variability in response to an applied bias voltage, suggesting challenges in reaching the level of control necessary for chip-scale integration. Despite this variability, we are able to apply real-time voltage feedback control to partially stabilize the emission energy of a device-coupled NV center.
In a GaP-on-diamond photonics platform, 17, 18 we are able to efficiently couple single NV centers to disk resonators, enhancing the zero-phonon line (ZPL) emission rate via the Purcell 
effect.
19 NV centers within ∼ 15 nm of the diamond surface, created via implantation and annealing, couple evanescently with the GaP layer. As a result of the static dipole moment of the defect's excited state, there is variation in emission energy both between different defects, due to variation in the local environment caused by implantation and processing damage, and in the emission energy of a single defect over time due to electric field fluctuations. However, this dipole moment also enables electric field control of the defect's emission energy. 6, 15, 20, 21 We provide this control through the addition of Ti/Au electrodes to this GaP-on-diamond photonics platform.
In the photonic devices used in these experiments, 22 NV centers are evanescently coupled to either a 150 nm-wide GaP single-mode waveguide or a whispering gallery mode of a 1.3
µm diameter waveguide-coupled disk resonator (Figure 1(a) ). A grating coupler at the end of the waveguide enables collection and measurement of the NV center emission. Around each photonic device is a pair of Ti/Au electrodes with a ∼ 6 µm spacing (Figure 1(b) ).
22
These electrodes allow application of a biasing electric field transverse to the waveguides, with a simulated field strength inside the waveguide and disk resonators of a few MV/m (Figure 1(c) ), 22 similar to values used in previous Stark effect tuning experiments. 16 Due to the (001) diamond growth direction, this externally applied field has components both parallel and perpendicular to the NV axis. 22 Details on device fabrication and yield can be found in Ref. [19] and in the Supplemental Information (SI).
Measurements were performed between 12-14 K in a closed-cycle He cryostat. A 532 nm laser was used for optical excitation, focused onto the sample with a 0.7 NA microscope objective. Photoluminescence (PL) was collected from the grating coupler using the same objective, coupled into a grating spectrometer, and detected by a CCD camera (Figure 1(a) ).
The input and collection optical paths were separated by a 562 nm dichoric beamsplitter.
Bias voltages were applied using a computer-controlled piezocontroller in the range of 0-100 V.
We first demonstrate electric-field tuning of a waveguide-coupled NV center. Exciting We also electrically control the emission energy of a resonator-coupled NV center. We first tune the cavity mode of a waveguide-coupled disk resonator onto NV ZPL resonance via Xe gas deposition, while collecting the PL emission from the waveguide grating coupler.
The Xe gas deposition results in a redshift of the resonator cavity mode. Figure 2 (b, left)
shows the resulting Xe gas tuning curve for one disk resonator. Xe gas flow is halted from t ∼ 15 minutes to t ∼ 45 minutes to perform two voltage experiments and then resumed.
NV centers that couple with the cavity mode are bright when in resonance with the cavity mode and not visible otherwise. 19 There are several NV centers that couple to the cavity mode for this particular disk resonator. With the cavity mode tuned to resonance with two NV centers, we apply a square wave bias voltage (Figure 2 applied bias voltage (yellow arrow) and a third displays a large spectral diffusion (∼ 70
GHz) uncorrelated with the applied bias voltage (green arrow). This variation in NV center behavior has several causes. The first factor is the center's relative orientation to the electric field. Longitudinal fields, parallel to the NV symmetry axis, will shift excited state energy levels linearly, while transverse fields will result in an excited state energy splitting that grows with increasing field. 15, 16, 22 The second factor is the few-mW non-resonant excitation, which results in photoionization of nearby defects and long-lived non-equilibrium charge distributions that can either amplify or screen the external electric field, 15 changing the effective Stark shift. 15, 21 The local electric field is the combination of this local photoinduced field and the externally applied field. Previous work on Stark tuning of grown-in NV centers has shown similar variation in tuning ranges and voltage responses. 15, 16, 20 This variability in behavior even over small spatial scales presents a challenge to achieving the level of control required for chip-scale entanglement generation.
In addition to spatial variability, we often observe temporal variability in the bias voltage response of these NV centers. are responsible for these transient responses. 15 An exponential decay with a ∼ 40 s time constant fits the observed response. The observed emission linewidths of these NV centers also suggest fast spectral diffusion of the ZPL energy. Consequently, charging processes in this system take place over a range of timescales from sub-second to several tens of seconds.
Voltage feedback stabilization must address energy variation across this range of timescales, implying that faster stabilization measurements will provide better correction to both the effects of the fast spectral diffusion and the slower field variations.
Chip scale entanglement generation will require addressing the spatial and temporal variations of implanted NV center energies so that multiple centers can be tuned to and maintained in resonance, despite the static and dynamic energy variation of these centers that results from implantation and processing damage. Previous NV center emission energy stabilization experiments used photoluminescence excitation (PLE) measurements of grownin NV centers for feedback control of the bias voltage, 16 but the large dynamic energy variation of implanted NV centers annealed at 800
• C makes PLE measurements difficult.
13
To obtain the necessary spectral resolution to demonstrate temporal stabilization, we thus utilized an Echelle spectrometer with 1.3 GHz resolution.
16
We identified a spectrally-diffusing NV center with a Stark tunability of ∼ 300 MHz/V over a range of 100 V. We measured the spectral diffusion of this NV center under a constant 
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Electrostatic Modeling
We modeled the electric field produced by the waveguide-transverse electrode structure in Figure S1 shows the simulated field profile. It is important to note that, due to photoinduced fields especially under non-resonant excitation, 1,2 these simulated fields are not the final electric fields inside the photonic devices. 
Fabrication
Near-surface NV centers were created in the single-crystal electronic grade diamond sample (ElementSix) by N + ion implantation (10 keV, 3×10 10 cm −2 , CuttingEdge Ions), followed by a two-step anneal. A 2-hour, 800
• C annealing step was performed under a 5%/95% H 2 /Ar forming gas atmosphere in order to allow diffusion of vacancies to form NV centers.
A subsequent 24-hour 460
• C anneal was performed in air in order to oxygen-terminate the surface and improve stability of the negatively charged state of the near-surface NV centers. Figure S2 shows an overview of the fabrication process.
Fabrication Yields
Of the 32 waveguides and 128 disk resonators fabricated on this sample, 12 waveguides had working electrodes such that a voltage-dependent response was observed from waveguidecoupled NV centers (38%). The remaining devices had either broken waveguides (10 devices, 31%), broken electrode leads (7 devices, 22%), or both (3 devices, 9%). In the intact waveguides, every waveguide had coupled NV centers whose emission could be observed via the Figure S2 : The fabrication process.
grating coupler. Of the 128 disk resonators, 21 were located on intact waveguides with working electrodes and had cavity modes within Xe gas tuning range (∼ 2nm) of the ZPL emission wavelength (16 % of the disk resonators). Xe gas tuning resulted in resonatorcoupled NV centers in 8 of these 21 resonators. Thus, the overall yield for resonator-coupled NV centers with working electrodes is 6 %. The photonic device yields are comparable with yields reported in previous GaP-on-diamond device fabrication attempts. 5, 6 The addition of electrodes lowers the overall yield for the disk resonators, but increasing the number of disk resonators per waveguide from the 4 used here to 6 or more should offset this effect.
Properties of the Device-Coupled NV Centers
In these devices, the average linewidth for a device NV center as measured in our standard grating spectrometer is 34.7 GHz with a standard deviation of 7.4 GHz ( Figure S3(a) ).
This is based on fitting the observed linewidths of 15 waveguide-coupled NV centers. Using our high-resolution Echelle spectrometer we find a cavity NV linewidth of 6.3 ± 3.3 GHz from a set of 14 centers. We note that due to the higher resolution of this system, we are biased toward detecting NV centers with narrower linewidths. For comparison purposes, the We observe a broad distribution of tuning ranges ( Figure S3(b) ) within the ensemble of investigated NV centers. In a set of 30 of the observed device-coupled implanted NV centers, no tuning was visible for 11 of the centers (37%) though this does not preclude tuning that we cannot observe with our spectrometer resolution. In 7 of the centers (23%), tuning was observed but the range was less than 50 GHz. In 5 of the NV centers (17%), the tuning range was between 50 and 100 GHz. In 7 of the centers (23%), the tuning range was larger than 100 GHz. In all centers where tuning was observed, hysteretic behavior was also observed.
Tuning Ranges in the Absence of Strain
The distribution of tuning ranges in Figure S3 the sample axes, so we can treat the applied electric field as being strictly along the sample Y axis. Thus, for half the NV orientations, the applied field is oriented strictly perpendicular to the NV symmetry axis and results in a splitting of the E x and E y excited NV energy levels (Case 1). In the other half, the applied field has components both parallel to and perpendicular to the NV center symmetry axis, which results in both a shift and a splitting of the E x and E y energy levels (Case 2). The magnitude of these energy changes depends on the components of the NV dipole moment parallel to (d || ) and perpendicular to (d ⊥ ) the NV symmetry axis. The resulting energy shifts are thus:
where F is the magnitude of the electric field and the tuning ranges are calculated using 
Tuning Ranges in the Presence of Strain
These implanted device-coupled NV centers are in a high strain environment, as evidenced by the wide distribution of NV center ZPL emission energies in Figure 3 (a) of the main text.
Consequently, the applied electric field is primarily a perturbation on the strain-induced energy variation. In the case of fixed strain, the Hamiltonian can be written as
where in this case x,y, and z are the coordinate basis of the NV center including strain and
where F x,y is the component of the applied field along the NV center basis axes and S Ex,y are the fixed strain components. 2 The energy eigenvalues are then given
. We can transform from the sample coordinate basis to the NV coordinate basis using the transformation matrix
where p X,Y,Z are the projections of the NV center on the sample X,Y , and Z axes (eg, for
[111], p X = 1, p Y = 0 and p Z = 1). 2 In the case of this [111] NV center for an applied field F = F Y along the sample Y axis, the energy shifts are thus given by
Similarly, for a [111] NV center (p X = 0, p Y = 1, p Z = 1) and an applied field F = F Y , the energy shifts are given by
In these cases, since the emission axes are primarily determined by the strain as opposed to the applied electric field, both components will couple to the TE mode of the waveguide.
Thus, strain increases the number of observed emission lines and provides further variation to the expected tuning ranges.
Feedback Stabilization Experiment
The feedback was performed on the ZPL position as measured using the Echelle spectrom-
eter. An initial tuning range measurement of the ZPL emission is used to determine the tuning range and bias voltage dependence per pixel (V pix ). The initial peak position for the initial bias voltage p 0 is input by the user. Initial fitting parameters (peak intensity, background level, and peak width) are also provided by the user at the beginning of the feedback measurement.
Voltage Feedback Algorithm
The applied bias voltage is updated per spectrum based on current peak position p. 
where K p , K i and K d are the PID parameters determined by a semi-supervised learning algorithm. For the data shown in Fig. 4 of the main text, K p =0.8, K i =K p /500, K d =K p /10
and V pix =4.17 V/pixel]. ∆V is the previous voltage step and ∆p old is the previous error in peak position. The PID algorithm shows higher stabilization than simple proportional feedback scheme which is shown in Fig. S5 .
